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I. SUMMARY i 

Several theoretical studies were made in this country alter World War n to evaluat« the imp ilse 
propulsion gun suggested by Langweiler as a means of increasing projectile velocity.   These studies led to 

I the initiation of experimental programs at the Ballistic Research Laboratory, Aberdeen, Maryland, and at 
(' the Atlantic Research Corporation. The approach at the Ballistic Research Lkau<'i'*~ry has been the w/el- 
I'                            opment of new, unconventional propellanl   ystems with extremely high effective hur »Mg rates to be "neJ 

as end-burning charges to achieve performance near that of an impulse gun.   The arproach at Atlantic 
Research, on the other hand, has been the utilization of properly shaped clw/.s of conventional propeUant 
traveling with the projectile — an approach suggested as a possible means of achte /*.r>£ substantially the 
performance of the Impulse gun in the theoretical investigations iD9.de at Atlantic P "carch. 

II The Initial goal of the program undertaken at Atlaniic Research was Vht : perlmentai verlilca- 
J                          tlon of the higher theoretical performance predicted for "modified impulse guns. " 
N It is the purpose of this report to summarize the results of this progrf m. 
J A description of the gun range which was constructed to conduct exper msr.taZ firings Is given. 
; Th» raass conslats of a gun housing, a control and Instrument building and a. ^ua bctt. 
I Two 1.1-lncn machine guu barrels «.>,re modified at the Naval Gun Fsttory for use in the ixper- 
, Imental firings.   Schematic drawings and descriptions of these two barrels, oesi^utdMd QVA A and Gun B, 

are given together with descriptions of the cartridge cases and igniters developed (or use in each gun. 
'j The modified 1.1-lnch guns trere not entirely satisfactory for use In this study, the major diffi- 
l duty 'jsfafi the design and fabrication of progressive propeUant charges with snuul web.   It additional 
I studies ire conducted, It is suggested thkt a 3"/70-callber gun in employed. 
(A gun firing system and associated instrumentation was developed to measure g\in pressure in 

the cUmber and at five positions along the bore.   Both expanding-cylinder and plston-typa gkjes using re- 
t slstance strain gages as tue sensitiv« element were fabricated for pressure measurement.   A special 

pressure gage-igniter comUnatiuA which IlUed Into the cartridge C»PO was developed to measure chamber 
pressure. 

Projectile velocity was msssur-jd using either phot^slerMc screens or conductlnf glass slides 
, to trigger a 1. 6me counter Chronograph,   lluule velocity obtained b? measuring Um« between two pips on 

a photograph at an oscllloscop« trace was found to be Inaccurate du« to lack of precision In measuring the 
time interval. 

A closed bomb was designed and constructed.   The bomb was tested (it pressures up to 
40,000 pel. 

The results of firings with onventlonslly loaded chsrgss of 8PDN 3250 have been analyzed. 
Thai« propeUant grains were found not to be completely burned uade» the exp«rlmeuUl firing conditions. 
An empirical form (unction «as d«rlv«d which gave good agreement u«tw«en calculated and observed gun 
jierformance.   SifMrlor Ignition was ohUlnad with the ARC Igniter an compared with Mark 42 Ignltert In 
firings wl»h STDS Z2Zi. 

A progressive charge was Uür*rri ~ l>~ inhibiting 0.07R-inch-thick JPN proo»«'»"* «iU. a 
0. "OS-Inch . iiust ethyl ceUulose and by making cuts mui-sUUeiiUi uieh apart through the Inhibitor on loth 
sides of the sheet   It was found that nropeUant prepared In this manner w».-- mrtreiMiy dUIlcuit to Igrite in 

I gun firings. 
Stacked d'ltf cif JPH prcpeUant 0, 020 inch thick with aa ««centric C!>e-fourth-Inch-dlanMiter 

hole ',* «ach disk vere cemented to the bos« of several projectU*..   11MS« charges war« fired In ccmblna- 
tlon with con-ontlonaUy loaded SPDN 32SS.   In addition, compartson «rings war« mul« with the entire 
charge ec>*rent'onaUy loaded.   Both average pressure and muni« velocity (or th« conventioaal rounds were 
Mgbar than obsSi-vad in firings with the JPH disks attached to tea projectUc. 

Firings ware made with either DCIOT or 1I-T propeUant gn Ins attached to the projectile in 
combliiatlon with com «ntionaUy loaded SPDN S25«.   Somewhat higher uu/ale velocity and lower pressures 
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I.   SUMMARY 

were obtained In firings with these grains attached as compared with firings in which the total charge was 
conventionally loaded.   When either 1X107 or M-7 grains were attached to the projectile the end caps which 
Initially restrained the grains in cavities in the projectile base were deformod enough to allow the grains to 
escape. 

Porous grains were cast in projectue cavities by cemonting together pre:.-'incized nitrocellu- 
lose ball powder.   Little burning occurred In the first firing ---ith this charge.   A second firing was made 
with a porous attached charge and a <U)-gram charge of SPDN 3258 conventionally fc »ded    Extremely high 
pressures in this firing irreparably damaged the barrel and breech of Gun A. 

A series of firings were made with the propellant charge leaded in a perforu! .-* steel basket 
attached to the base of the projectile.   The average muzzle velocity fur these firings wix wout 200 ft/sec 
higher UüUI the average muzzle velocity recorded in firings with the same charge and the pro'ectlle weight In 
which th'; propellent was conventinnallv In»**!   The maximum pressures recorded at ti-.e vsriuiu gage 
postM'Miä ;.wt'e higher when the charge was loaded in the basket, and a reasonably constant pressure was 
o^'^'rei «luring ths first 15 inches of projectile travel. 

In each firing with a basket-type projectile, structural failure of the basket octuried, the tall- 
plece usually separating from the body of the basket.   It is suggested that further Invewügatlo? ai bhsket- 
type projectiles b» ur^eHairsn »o determine the mechanism of their structural failure during firing. 

A projectile was designed into which was cast a small web, nlnety-one-perfarated grain.  These 
grains weio made using plastlsol-grade nitrocellulose.   Only one round was fired, however, before the pro- 
gram was terminated.   It is suggested that the use cf grains of this typ« as attscoid charges be further 
investigated. 

An Interior ballistic system was developed to calculate, for a given set of loading coodiuons 
and with assumed values of maximum pressure and muzzle velocity, explicit values of shot-start pressure 
and retarding force on the projectile.   Calculated maximum pressir« and nuzzle velocity using calculated 
values of shot-start pressure and retarding force on the projec'ile (cut»'uinad from observed values of 
nuudiuum pressure and muzzle velocity obtalneo under othei ürinic jundltlons) were in good agreement 
with those observed. 

Theoretical investigation of the effect of dt-udty gradient in the propellant gaaas upon ths ratio 
of Creech pressure to pressure on the base of the projectile led to the conclusion that variation of gas den- 
sity down the bore has little effect on the magnituü J of this ratio. 

An Interior ballistic system was developed to calculate the theoretical performance for firings 
in which a coaventional charge is attached to l je projectile, or when part of the propellant is conventionally 
loaded and part attached to the projectile.   The equations forming the basis tor this baUlauc system are 
given. 

L jading conditions and measured ballistic data for all firings in Qua A and Gun B are included. 
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It has been recognized (or many years tlutt th« effectWenes' of projectllea fli-od at a target in- 
crcmes rapidly as the projectile velocity increases, and considerable work has been done toward Increasing 
Uie muzzle velocity of guns.   A novel approach to the achievement of high projevtlle velocities, the impulso 
propulsion gun," was suggested in 1939 by Langweller In Germany.   The Impul.?; »u'< differs from tb» con- 
ventional gun in that the propellant le attacued to the base of the projectile und bur:..) Oiiy on its rear 
surface.   Langweiler imposed the tunher restrlctloc that the propellant buriing rate changes in such a 
way that the gases leaving the combustion zone are at rest relative to the gun h.ae m.i are at constant pres- 
sure.   As compared with a conventional gun the Impuls« gun Is eupert"r as an nccelei'i-ing device both from 
the viewpoint of propellant efficiency and distance efficiency, its advantages becnmu., -nore marked at 
higher muzzle velocities." 

After World War U, several studies were made In this country of the Langweilet Impuls« 
gun. '* '* " T'lese studies led to the irJ'Jstion of experimental programs at the BaUltüc Hesearch Labora- 
tory, Aberdeen, Maryland, and at the Atlantic Research Corporation.   The approach at tta Ballistic 
"csoiroh Laboratory ha» been the development of new, unconventional propellant »f stems with extremely 
>*gh effective burning rates which would be used as eodnxirnlng charges to achiav» pcii'ormance near tüat 
of an impulse gun.   On the other hand, the approach at Atlantic Research list been In« utilisation of properly 
shaped charge« of eoiw<»»»l«<al propellant traveling with the projecill« — an approach suRasted as a possi- 
ble means of attaining substantially the performance of the Impulse gun In the theoretical investigations made 
at Atikatic Research. '* 

The Initial goal of the program undertaW at Atlantic KeMarch was UM experimental verifica- 
tion of the higher theoretical performance predicted for "modified Impulse guns. "'* This program was 
actively Initiated In June, 19S3 and continued until December, 1954, at which time th« study was terminated. 
It is the purpose of this report to summarise the results of this program. 

— * 

I CONFIDENT1AI I 



CONFIDENTIAL 

4 III. THE EXPERIMENTAL FACILITY 

A.    THE GUN RANGE 

The gun range constructed (cr use In the experimental program consisted of three buildings; a 
gun housing, a control and Instrument building, and a pun butt. 

The gun housing was constructed on j heavy concrete base and enclosed the gun ^Ith S/lB-lnch 
steel.   The space around the gun Inside the housing was junt large enough to allow normal operations on the 
gun and breech. 

The control and Instrument building la a cinder-block structure with app:o]dm»'.cly 200 square 
feet of floor space divided Into two rooms.   This building is separated fr^w the gun k jusinR •>; a two-foot- 
thick sand barr*ei.   Instruments and recording equipment used to obUin experimental fir1-- data were 
Installed i.i the linger of the two rooms In the control building.The second room, cO'istruct.^ with ejiploslnr.- 
proof electrical fixtures and conducting floor, WHS used for propeliant loading and handUn* isrt contained 
the equipment used to temperature condition rounds prior to firing. 

The prnn butt, approximately SO feet from the muzzle of the gun, is a bo: !abrl.;.-»ei üom Cuu- 
hali -i/.ch steel plate four feet in height and width «uid bU fact deep with a removable front uf maaonlte.   This 
box is filled with sand and is enclosed in a reinforced concrete structure.  It was lowrt Cat appr ixlmately 
thirty rounds could be 'ired tntn the gun butt before the sand and front cover required replacement 

B.   ittC-UiS'Eü 1.1-INCH GUN 
Experimental firings were conducted in one of tvto modified 1.1-lnch machine guns.   Gun A was 

used tor all firings until it was damaged In Fixing 136 during January 1954.   Firings after this date were 
conducted in a second modified 1.1-inch gun designated Gun B. 

1.   Gun A 

Gun A was modified at the Naval Gur. Factory for u<>» in experimental firings.   The modiftca- 
uons to tbf giir. consisted of (1) removal of the riling and increasing Cr -;»re diameter to 1.150 inches, 
(2) insertion of a sleeve in the chamber to give a constant chamber crosit-jectlon through the base and 
cartridge case of 1.150 inches, and (3) drilling and threading five boles at intervals along the barrel to 
receive pressure gages.   Use of the sleeve reduced the chamber volume by about 40 per cent as compared 
with the normal 1.1-inch gun.   A schematic drawing of the modified 1.1-lnch gun barrel is shown in Figure I. 

FIGURE 1 
Modified 1.1-Inch Machine Gun Barrel for Gun A 

-rnr—i 
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III.   THE EXPrRIMENi Ax. FACILITY 

a.   Cartridge Cases and Igniters 

FIGURB; 2 
Cartridge Cases and Igniters Developed 

ioi -se with Gun A 
■ ljfii««l Wirt 

(a) Original Cartridga COM 

(b) Modified Cartridge COM 

Three cartridge cases wer»- Developed for uae with Gun A." Schematic drawings of these cases 
are shown In Figure 2. The case and Igniter shown In Figure 2(a) was fabricated from brass and used 
tungsten wire as the Ignition element. The primer 
cavity was sufficiently large to hold up to 10 grams 
of black powoer; however, It was found that adequate 
Ipnltlon was obtained with between two and three 
grams of FFFG black powder. Successful electrical 
insulation between the case and the lead to the igni- 
tion element was obtained by fabricating the insula- 
tors from cloth-filled phenolic. These Insulators 
wer;; camented Inio place In the Ig-'.'^er. 

A sur rrlrr case was dealfn-ni ami 'IPCII 

ip. Uun A af'.u Tirlig !0 This -ase was fabricated 
irom steel with the wall thlcicness reduced to Improve 
obturation. The sUe of the igniter was reduced and 
a flash tu^c «ras incur|/ui atec. A schematic drawing 
rf 'I.is c»oe and Igniter is shown in Figure 2(b). 

A third case and igniter, shown in Fig- 
ure 2(c), was designed to use the Mark 42 Ignition 
element.  The volume of the Igniter was thus further (0 Cortrldgo COM For MK-42 ignitor 

reduced.   Firings with the Mark 42 element, however, indicated that the Ignition delay was longer and 
ignition Inferior to that obtained with the ARC igniter.   As a result, few firings were made with this case 
and Igniter. 

2.   GunB 

After Gun A was damaged, a second 1.1-inch machine gun barrel was modified at the Naval Gun 
Factory. Because several changes were made In this new barrel as compared with the previous barrel, *' 
the new gun was designated Gun B. 

A schematic drawing of the barrel of Gun B is shown in Figure 3.   To reduct propellant loading 

FIGURES 
Modified 1.1-Inch Machine Gun Barrel for Gun B 

'"■"■■■■'■■■■■■■' 
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HI.   THE EXPERIMENTAL FACILITY 

denaity, the chamber was enlarged as compared with Gun A by eliminating the sleeve previously used.   A 
forcing cone was Incorporated Into the chamber design HO that forcing bands could be used on the projectiles 
as a means of Increasing shot-atart pressure and reducing gas leakage.   The bore dU'ueter ot the new 
barrel was increased to 1.200 Inches and the barrel was chrome plated. 

a.   Cartridge Case and Primer 
A new cartridge case a. 1 primer was de/eloped'' tor use with Gun B, tH the size ot the primer 

was reduced to further Increase the Initial chamber volume.   A schematic drawing ci the t» ;« and primer is 
shown in Figure 4. 

FIGURE 4 
Cartridge Case and Primer Developed for Use with Gun B 

- ffinfl 
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FIGURES 
Cylinder and Piston Type Pressure Oeges 

- Rttoiiunt Mill 

C.   INSTR UMENTATION DEVELOPED FOR MEASUREMENT OF BALLUTIC PARAMETERS 

1.   Meaeurement of Gun Pressure 

The barrels for both Gun A and Gun B «ere drilled so that preusure gages could be Inserted at 
five positions along the barrel.   (See Figure« 1 and 
3.) Pressure gages using resistance strain gages 
MM the sensitive elements were fabricated to mea- 
sure pressure.' The first gages developed were 
patterned alter an expanding-cyllnder type gage de- 
nlgned at the Naval Proving Ground, Dahlgren, 
Virginia.   All sages used la the experimental pro- 
gram were culibrated la cooperation with the Kaval 
Proving Ground.   Figure o(a) shows the construc- 
tion details of the cylinder-type gag«. * 

A second type pressure gage was alao 
developed.  The strain element in this gage is 
mounted on a piston which is compressed by the gun 
pressure.   Cor ntructlon details ot this gage are 
shown in Figure 5(b). 

Measurement of chamber pressure was 
made possibie by development of a pressure gage- 
igniter comV nation which fit into the cartridge case. 
Figure 0(a) is t drawing of the igniter-pressure 
gage developed tor use in Qua A.   Aa improved 

Strain 
Gages 

(a) Cylinder Typt (b) Pltton Typt 

•The initial group of cylinder gage* wa* found to have nonlinear reaponse, pa' ticularly above 10,000 pal, 
due to the use of an incorrect type steel and improper hardening of the cylindet. 
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^ 

voralon o. this gage waa developod for uae with Gun B.   Thla gag« waa nwcbanlcally InterchaogMbl« with 
tie atandard igniter, the only effect reaultlng from Ita UM being a alight reduction -n chamber volume.   De- 
talla of the Ignlter-preaeure gage need In Oun B are ebown In Figure 0(b). 

Because these gagea were uaed w.jy to FIOntE fl 

Igniter-Preesure Qag^ "«relapad to Measure 
Chamber Presaur* in th...; A and B 

measure transients, a "djnumlc" type circuit was 
designed using A C. amplifiers and A C. oscillo- 
scopes. This system was much less expensive than 
a cnwreDtional bridge circuit with D. C. amplifiers. 
Figure 7 is the schematic of the pressure-gage cir- 
cuit. 

Recording of gun pressures was accom- 
pliahe<f by feeding the oatput of the strain-gage cir- 
cuit to preairjl^'tere aodthen to the vertical ampll- 
f'^r'«put of single-sweep oscilloscopes. TiwstrMp» 
of the oscilloscopes were triggered by th, bunont 
of the Igniter wire In the primer. Z-axls modulatton 
eas used with the trace bUnktd at 0. (-mllilsecond 
•aar*«»» tc urovlde timing markers. 

Photographic records of the traces on 
the osdUcscapes were made with apeelal cameras 
constructed to uae two-and-one-fourth-inches by 
three-and-one-lourth-Inches cot film or with a ro- 
tating drum camera. * The apeelal caiaerM were 
constructed with electric-shutter solsnalda. Bow- 
ever, imnuum the beam« were Uaaked until trig- 
gered It was found more coavenlent to leave the 
shutters open and pull the slides on the film holder to prepare the flla for < 

Timing marks, which ware rnperUaposed on the p issui a trace«, were obtalaod by a tlaae- 
marker gencrauir.   Thla device employed a twlag-fork oodllator, aad It could be uaed to p-jduce accurate 

noouiT 
■rhematlr Dnrwlag at r..a -Oeg« Circuit 

Soflsif RwieMr 
***-'—  f^dmr^lmmd KM Maalaiaana  jai —'      '-   ■» * 

i 

Output £ 
* 

lkCsUkre«sr 

 I I 

rlnr« (Neither polarity with period« a<0.S, LO, orlO 
^nefaraaiaed with other palaea wa« also avallaU«.  The drotft ol the UaM- 

f 

* r 

•The drum camera «as naed with a dual-beam oscilloscope to tecord chamber f.-eiiurs and prsssave at 
the firet gag« podtion. 
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as Figure 8. 
Three mechanlams vere developed (or calibrating the pressure traces, but none was completely 

Buccessful.   The (Irst systen: used a "shorting" type wafer switch rotated rapidly by a Jiir'.<-<' mechanism. 
The same calibration steps were applied slmultancjusly to all pressure gages.   The pilciary sources of 
trouble with this system were deterioration of the sllvfir-platnd conlacts on the switch, Interference between 
the various gage ch cults through the calibrator, the requirement of different height ir.-^a for various gages, 
and difficulties encountered In triggering the oscilloscopes for calibration. * 

FIGURES 
Circuit of Time-Marker Generator 

!5^ s 
:JU 

£ 

M-lt C-tfT ,„ 

}'.'... 

| 

«*-' 

Wf* to?* 

A second caUte>'")r «M construetsd using % motor-driven cam to opsr^w mis sets of thrse 
switches. * Thus, three switches Vn each gage circuit could be opened to esllbrste the pressure true with 
appropriate resistance steps.   A rsUy was Incorporated uto the circuit to short out the calibration re- 
sistors after one rotation of the cam.  The quality of the caUbratioa tra«e> produced by this system deteri- 
orated rapidly with »ear. 

A third caUhrator was designed using Western Electric UA-77-47 relays. * Three relays with 
normally closed eootacts «ere need in each pressure-gage circuit   The coll» of these relays «ere connected 
in parallel and the time of opening of each contact after the application of voltage could be controlled quite 
accurately by the addition of a »mall resistance in series with the coll».   A calibration sequence was aehlered 

\ 
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FIGURE 0 
Schematic Drawing of Rel»" Calibrator 
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In 15 milliseconds by adjusting each relay to operate with about a rive-mUllsecond delay after operation of 
the preceding relay.   The complete circuit for this calibrator is shown in Figure 9. 

2.   Measurement of Projectile Velocity 
Projectile velocity was obtained f,7 meaauring the time interval required frtlaprojectll« to travel 

a given distance.   Initially, velocity measurements 
were made by determim g tu. Hme interval between 
the breaking of conducting paths obtained by apply- 
ing «Uver palat to two gUss u. ::roicop« alldei. 
The slides were placed In tho , •;.<.• of fire and were 
held two feet apart by supportiiur stands.   Slectri- 
cally, UM slides were pnrt of in RC circuit which 
produced a sharp voltage pulte wh?a each slide was 
broken.   The pulse circuit is i.h>#n in Figure 10. 
The two pulses from the velocity circuit wars dis- 
played on an oscilloscope wiiii time uorksrs applied 
to the Z-axls.   Measurement of the pbotograph of 
the oscilloscope trace was used to determine the 
time between breaking of the slides.   The major 
difficulty' with this system was Inaccuracy due to 
lack of precision In measuring the Urns interval on 
the photograph. 

A second method for determining projec- 
tile velocity wa« the use of a 1.6mc counter chi'onu- 
graph ia vor^dr.c'l!M with either a pair of photoelec- 
tric screers, wh'ch produced a sharp pulse when the 
projectile passed through the beam, or with the con- 

ducting glass slides. It was found that either the glass slides or the photoelectric screen gave squally good 
results if time was measured with the counter chronograph. 

i 

Q-L-D-UJ^I 
' ltd 

3.   Gun Firing System 

Several problems were encountered In 
the development of a systam for firing the gun and 
triggering the oscilloscopes. The major difficulties 
were multiple triggering of the oscilloscopes, which 
obscured the pressure trace and time markers, and 
erratic time variation between burn-out of the igni- 
ter wire and propellant ignition. * These pmbiar..* 
were elladnatad by the development of the firing and 
triggering circuit shown In Figure 11. The principal 
innovation was the design of the circuit around three 
thyratrons (Type 2080), used aj relays. The grids 
are biased negatively and the thyratrons are fired by 
coupling a positive puls« Into the grids. The first 
of these thyratrons, Tl, is used In the circuit to Are 
the gun. Any external switch* can be used to fire 
the thyratron.   The second thyratron, T%, is used 

•»n'JR« 10 
Schematic Drawing of Velocity Circuit 

Uslcg Cuss Slides 
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•When the drum camera w»» put into u*e, > «witch on the druip camera which i» lynchronised with the 
poeition of the drum wa« used to initiate the gage calibration eequencc and fire the gun. 
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to produce the pulse that triggers the oscUlostopes.   The pulse which fires T2 Is taken from the high side 
of a small resistor in the firing line.   The output Is taken across the cathode resistor »nd differentiated to 
produce a short voltage pulse.   This arrangement has the advantage that additional triggering pulses cannot 
be produced until the thyratron has been reset.   The triggering pulse can be taken ciit^ directly to the 
oscilloscopes or it can be passed through a p aset time-delay generator.   The third Cyrmiroa, T3, Is ue*d 
to trigger the osclllosccpes for the calibration sequin?*.   Best result« were obtained with a tins delay be- 
tween closure of the firing key and triggering of the oscilloscopes of 20 mlllisero. ds tL.l oscilloscope sweep 
times of 35 to 50 milliseconds. 

D.   CLOSED BOMB APPARATUS 

A closed bomb* was designed and constructed to obtain propellant burning rat»s. The bomb was 
tested at pressures up to 40,000 pel. A complete assembly drawing of the bomb Is shown in Figur« U. No 
instrutuenUtion was developed for use with this equipment. 

FIGURE 12 
Assembly Drawing of the Closed Bomb 

»Nomin»! chamber volume i* 200 cc. 
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12 IV. EXPERIMETAL STUDIES IN GUN A 

A total of 130 experimental firings were conducted during the perlo'! December 1953 to January 
1954 in Gun A.   Pertinent information fru- these firings is given in Table I of Appendix A. 

I 
> 

. 1 

A.    FIRINGS WITH CONVENTIONALLY LOADED CHARGES OF SPDN 3256 

Initial firings In Gun A were made to obtain firing experience and to determine tha effect of 
variation in loading conditions on performance using propellant lot SPDN 3256. ♦  Th> ;-iv(1er was originally 
intended for use In the conventional 1. "-inch machine gun.   In the original application a 115-gi..m charge 
with a 0. 917-pcund projectile gave a muzzle velocity of 2700 ft/sec with a maximum pn aaurn of about 
36,000 pal. 

In the experimental firings with SPDN 3256 in Gun A, however, much lower proj«-. -le weights 
and smaller charges were employed.   As a result the propellant grains were not completely 1 --»ad.   T" 
obtain acceptable agreement between calculated gun performance and experimental results using propellant 
burning rates deternr.'.iieu irom closed-bomb measurements, it was necessary to modify the thsar&tlsal fsrxr. 
)ui:.:t!o.". mr ihese grains.   Mm u»;*Uon of the form f-JCrt'"» by assuming different burning i «ies un the out- 
aide uf the grain and In the perforation resulted In calculated muzzle velocity In ag.'eou.ur.i ri'h experimental 
valuen;1 however, the calculated pea& pressure was below that obtained experimentally.   An empirical form 
'uncifon* was derived by calculating a propellant charge design to deliver the observed average pressure- 
dlstasca <•■'• f tru speciilc leading conditions.   Good agreement between calculated and observed perform- 
ance was obtained for other loading conditions with the empirical form function. 

The results of firings with SPDN 3256 using both the ARC Igniter and the Mark 42 igniter Indi 
cated that superior ignition was obtained with the ARC Igniter.   Experimental pressure-distance curves 

FIGURE IS 
Comparison of Average Pressure-Distance Curve 

Obtained with ARC a;.d Mark 42 Igniters 

nwJICTiLl TKmi. - 

obtained with the ARC and Mark 43 Igniters** for 
a 60-gram charg« of 8POK 3256 with a projectile 
weight of atnvt 310 s/yme are shown In Figure 13 
as the solid and dashed curves, respectively.   The 
average maximum pressure and ntuude velocity 
(obtained by measuring time with a counter chrono- 
graph) with the ARC Igniter were 15, 600 psi and 
1800 ft/sec   bile the comparable values with the 
Mark 43 igniter were 10, 700 pel and 1476 ft/sec. 

Average mutfle velocity obtained by 
measuring time between two pips on i photograph 
of an oscilloscope truce for the same loading condi- 
tions and with the ARC igniter was 1033 ft/sec while 
average muzzle velocity for firings with the Mark 43 
ir'Mer under similar conditions was 1752 ft/sec. 
The difference In muscle velocity obtained by the 

»Propellant composition and dimensions of the single-p»rfor«ted grains of SPDN 323b are as loilows: 

Composition Weight Per cent 

Nitrocellulose (13.15) 
Dinitrotoluene 
Dibutylphthalate 
Diphenylamine 

Grain Dimensions 

Grain Length 
Grain Outside Diameter 
Perforation Diameter 

90 
8 
I 
i 

0.271 inch 
0.0S0 inch 
0.016 inch 

»»Firings with ARC igniter - Firings number 26, 27, 28, 29, 35, 3';, 53, 54, 55, 65, 94, 95, 108, !09, 110, 
Hi, and 112. 
Firing» with Mark 42 igniter - Firings number 30, 34, 37, 38, 40, 50, 51, and 52. 
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two methods of measurement for these firings Is typicl of the difference nbtalned in other firings. 

B.    FIRINGS WITH JTN OR JPH SJIKET PROPELLANT 

Several firings were made with cunventionally loaded strips of unlnlillueii 'PN sheet propriant 
both U. U'lb und 0. 045 Inch thick.'  The stn; i were approximately 4. 5 inches long uid ü. 125 inch wide.   Re- 
sults were very erratic, but examination of recovered propellant fragments .rdicated that the propellant 
distance burned wan in good agreement with that theoretically calculated from ti« obui- ved pressure-time 
data. 

HGURE 14 
Projectile Used for Attached-Charge Firings with JPN Sheet Propek.: ; 

(Projectile Type D) 

• 

In addition to the conventional firings with charges ot JPN strip propellant, several firings were 
üÄää «rfth strip propellant attached to the projectile.' The projectile used In this aeries of firings is shown 
in Figure 14.   Two co-axial cylinders of propellant were supported between the main body of the projectile 
and the end cap.   The outside diameter of the end cap was one-eighth Inch less than the inside diameter of 
the gun bore and opening» were machined in the end cap inside the cylinders of propellant to allow propellant 
gas to flow to the rear.   The Initial firing made with this system used 0.078-inch-thick JPN sheet Inhibited 
with a 0.003-inch ethyl cellulose film.   A progressiv« charge vza obtalibU by makiiig cuts one-sixteenth 
inch apart through the inhibitor on both sides of the propellant sheet aoa parallel to the axis of the projectile. 
The tot<u propellant weight in this charge arrangement was about 48 grams.   Although neither pressure nor 
muzzle velocity was successfully recorded, they were prohibly low since recovered portions of the propel- 
lant indicated that almost no burning had occurred.   To obtain an indication of whether the Inhibiting system 
or the projectlle-propellant system caused poor ignition, tests were conducted in which (1) similar inhibited 
propellant was conventionally loaded along with uninhibited JPN sirip propellant, and (2) uninhibited propel- 
lant was employed in the attached-charge projectile.   Little burning occurred with Inhibited sheet when 
conventionally loaded, although adequate Ignition of the attached uninhibited charge was r-btalaod. 

A different type of aUttched charge system was used in a serif r. of firings made with JPH sheet. * 
Three firings in this series were .■■ade with an attache^ charge fabricated from 0.020-inch-thick disks of 
propellant the same size i«the base of the projectile. * Sach disk 1   I an eccentric one-fourth-inch diameter 
hole cut in it.   The disks *■»> e stacked with the small holes not aligned and ceiLsited together ainnr th« 
edges with a narrow ribbon of cement.   The st£c>^ were in turn cemented to the base of the projectile. 
The attached chk^ges weighed about IS. 5 grams and were comprised of 31 disks.   In addition to Uie JPH 
propellant attached to the projectile, 00 grains of SPDN 3250 was conv •ionally londed in each firing. 
Average pressure versus projectile displacement obtained in these firings Is shown by the solid curve in 
Figure 15.   The average muzzlr velocity measured ir uiete firings wpn 2216 ft/sec.   The average pressure 
versus projectile displacement obtained in comparison firings with 60 grams of SPDN and 15. 5 grams of 

»Fiiin?» number  114,  115,  116,  117,  118, and 119. 
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14 IV.    EXPERIMENTAL STUDIES IN GUN A 

JPH strip both conventionally loaded Is shown by the dashed curve In Figure IS.   The average muzzle veloc- 
ity fur these firings was 2302 ft/sec.   Both average pressure and muzzle velocity for the conventional rounds 
were higner than that observed In tho firings with the JPK disks attached to the projectile 

FIGURE 15 FIGURE 16 
Average Preeiur? versus Distance for Firings 
Made with JPH Strip Propellant Conventionally 

Loadod and Attached to the Project!'« 

H 

-\—i—r 
0»om»  J*M Strip 

PfOitcrll« W«t«M - 440 «ism« 

I   I- 

m 
I \ 

-  i 
1   -1- 
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nOURX 17 
Average Pressure versus Pro ectile Travel for 

Firings with 1X107 Gralnr fn Combination 
with SPDN .MM 

TRAVCL - (»«»•• 

Prolectile-Propellant System Used la Firings 
with 1X107 Pr«, cn<uit 
(ProjectUe Type ■) 

*» IX-H>' mnimi ,ralM 

Proitclll« 

C.   PIRINOS WITH 1X107 PROPKLT."iTCRAIN8 

A small lot of IX1C. ortrprilant ^.-•üus* 
was obtained from the Naval Powder Factory, Indian 
Head, Maryland, in order to evaluate this propellant 
(or use in the 1.1-inch gun.   These grains were suit- 
able only lor preUmlnary evaluation o( the propel- 
lant   Following several preparatory rounds using 
1X107 pains alone, twenty-five rounds were tired 
using charge* composed of combination* of 
SPDN SIM and 1X107 grain*.1 * Th* «nltlal flrlng* 
using this type di»««^ vere mad* with 80 gram* of 
SPDN SJM comrentlomlly loaded and two grain* of 
1X107 (9.7 grama) loaded In a cavity In the projec- 
tll* (42S-43S gram*), ** a* ataown In Figure 16. 
Th* grain* war* bald in place by th* end cap, which 
wa* screwed over the projectile base.   Burned area* 
were observed at th* baa* of th* cavity of th* re- 
covered projectile* Indicating that Ignition of the 
grain* had occurred down the untlr* 1 Tcgth of the 
perforation*.   Th* and cap wa* deformed during 
dring, however, enough to allow th* propellant to 
aeparat* from th* projectile.   Average pr***ure 
•,-ri!r3 prcjeetils dtsnlaremmt obtained In the** 
firing* 1* shown In Figur* 17 a* th* ligbt dotted 

♦ The compoaitlon of 1X107 propclUnt and the din 

Compoiltion of 1X107 PropclUat 

Weight Per cent 

Th* *e-,»id Mrl** cf firing* wa* mad* 
iwlng 1X107 propellant grain* either *tt*ch*d to th* 
projectile or con»_-MoiiaUy loaded. In combination 

nilon* of thrte grain« »rt as follow«: 

Dimeniion« of Seven-Perforated Grain 

Nitrocellulose 
Nitroglycerine 
RDX 
Ccntralite 
Volatiles 

30.5 
28.9 
39.4 

1.0 
0.2 

Outside Diameter 
Grain Length 
Perforation Diameter 

0.463 inch 
1.117 inches 
0.045 inch 

»♦Firings number 48 ard 49. COMF.OINTIAL 
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with conventionally loaded SPDN 3251.   In this group u{ firings the thlcknew of the restraining pi»te in the 
end cap was Increased to one-eighth Inch.   Even so, the end cap was deformed enough luring firing to per- 
mit the propellant grains to escape.   All firings In this group wure made with SBgranu -if RPJN3268, S.Ograra 
of black powder booster, Mark 42 electrical Igniters, and two grain« of 1X107 propftllant'  Projectile 
«vRlghl s for the two groups were 442 tu 443 grams for convent lunal firings and 436 to 4S« gramu for the 

1 rings using attrched 1X107 grains.   The use of slightly lighter projectiles with £.? attached charges was 
i ased on the assumption that about »£* grams of unburned propellant would remain tu the i'0]»ctii* upon 
1' s discharge from the muzzle.   In addition to the difference In projectUt weights fir the * ..o sets of firings, 
p -slble differences In the fore function oi the 1X107 grains may have '..rlrled.   Then« 01/« peaces might 
h. ve resultel from (1) the fact that for conventional firings the grain* were uninhibited w. :Je in the attached 
Jt Inge the cuter grain surface iras probably Inhibited by a pres;1 csntsct with th" »«H of ^«> prnJectHe cavl'y 

riGURE 18 
Projectile with Cavl'ls« for T^oatung 

M-7 Propellant Cii-Nrt 
(Projectile Tym 1) 

wi"m the propellant vza In the cavity erg (c) grain 
br ikup of attached 1X^07 grains associated withd« 
'■;:    -Li.irt of the ri:«-* <• «n. 4 

The data do Indicate, however, thf.t for 
the 'Irlng conditions employed, somewhat higher 
avei <ge muzzle vrlcriUes ^i quite different avfcp- 
a£? : ressures as a f'mction of projectile displace- 
ment were obtained with the attached 1X107 rain*. 
The a\ arage of ths muzzle velocities corrected to 
a temperature of 30*C for conventionally loaded 
charges was 1897 ft/sec 4S compared with the aver- 
age corrected velocity for the attached-charge fir- 
ings of 1835ft/sec. * Average pressure versus pro- 
J»"atile displacement for the attached-charge firings 
is shown in Figure 17 as the light dot-dashed curve 
while the light dashed curve was obtained for the 
comparison rounds fired with the entire charge convtmUonally loaded. 

An additional series of flrinKf» was made using 78 grama of SPDN 3SU and two grain* of If 107, 
conventionally loaded with a 433-gram projectile, to obtain data to coapare with theoretical calculations. ** 
The average pressure versus projectile dleplacement obtained in thl* series 1* *hown In Figur« 17 a* th* 
light solid curve.   Theoretical performance for these loading condltiont wa* calculated u*tw| th* «yatam of 
Corner" to account for the bi-propellaiit charge.   The reault* of thl* calculation are *hown In Figure 17 aa 
the heavy solid curve, 
monts. 

The theoretical curve 1* in     >sonable agreement with the eaperimental meaaure- 

U.     mUNUB WXTM M-( FKUFBLLAW1 UttAlho 

A aerie* of firing* wa* conducted with a U-propellant charge coigpoaed of 60 grama of 5»DN SIS6 
and approximately 30 gram* (three grain*) of 11-7 propellant *** Thav flrtng» «ere made to compare per- 
formance with conventionally loaded M-7 grain* to that when these grain* are loaded In eavltiM In th* baa* 
of the projectile.   The projectile ased in the attached- :'uarge firing* 1* shown In Figure IS. 

Firing* Wv re mad* with SPDN 3356 and M-7 grain* both conventionally loaded lot Or— different 
projectile weights.   Average musal« ve'ocitie* obtain«! in the** Mrtwf  were 1936 ft/aec for a 443-gram 

♦IXI17 graini attached to th* projectile - Firing« number T5, 76, 77, 78, 79, 80, and 81. 
1X107 graioi conventionally loaded — Firing* number 69, 70, 71, 72, 73. and 74. 

•»Firing, number 126, 127, 128, 129, IM, 131, 133, and 134. 

♦••The single-perforated M-7 grain« used in thc«e firing« bad a- outside diameter of 0.37S inch and an In- 
«Ide diameter of 0.12S inch. For conventional loading« tbc grain« were cut in one-Inch length«. Grain« 
three inche« In length were used in attached rharge«. 
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I1' 

project'le, » 1943 ft/f.-c with a 402-gram projectile, •* and 1979 ft/sec -i. h a 385-gram projectile. *•" 
Ave- age pressurr as a function of projectile displacement obtained 'n these firings with a 402-gram pro- 
(dCUle is shov .i In Figure 19 as the dashed curve.   Theoretical performance calculated uilng the empirical 
form funct'ün for SPDN 3256 (see Section A) is also 
shown hi Figure 19 as the solid curve. The calcu- 
lated, muzzle velocity, 1960 ft/sec, Is quite close to 
the average experimental value of 1943 ft/«flc. K\- 
cept that the maximum calci'atedpressure exceeds 
the experimental value, the calculated cm ve is in 
reasonable agreement with the experlr'-jntal üata. 

Six rnunudwere firedwl'Uthe M-7 pro- 
ij'-UantKrRlnr attached to tho pro;ectilp Th« »vzr 
age maximum pressure oear red an a function of 
r.ro^l":>'," Uavei in ♦h«>fie ilrlnrs is shown a« the 
dotted cu^ ve in Figure 2C. For comparison the aver- 

age maximum pressure observed In comparison fir- 
ings with M-7 grainsconvcnHm-oiyloidedis shown 

in Ftc""« 20 as the dashed curve. These observed 
pressure curvtb indicate that the maximum pressure 
at! a function of projectile displacement ie reduced 
when the M-7 grains are attached to the projectile 
although the average measured muzzle velocity is 
increased from about 1879 ft/sec to 2022 ft/sec.  The 

FIGURE 20 
Average Pr;?°ure versus Projectile Travel lor 

Firings made with 20 Grams of M- 7 and 
60 Grams of SPDN 3256 

51 .QOO.        i ■ ■      i      T—■^—^ —■■,^———^  

\ 

>«'•**, Hum* Vslecitr tort tt/fe 

Tit*VtL - iseM» 

FIGURE 19 
Comparison of Observed Performance with Calculated 
Porfui uiance for a Charge Ccnooned of 00 Grams oi 

SPDN 3258 and 20 Gi~: ■. c! M-7 
both Conventionally Loaded 

I lo^OC 

r-±\- ̂  
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calculated performance under the asaumption that 
the M-7 gralnu are attached to the projectile la shown 
in Figure 20 as the solid curve.   The calculated 
pressure curve Is In food agreement with the ob- 
served curve although the calculated musale velocity 
of 1969 ft/sec was low compared to the average 
value measured under these condltlor.s. 

E. FIRINGS WITH POROUS GRAINS CAST FROM 
NITROCELLULOSE BALL POWDER 

»Firings number 83, 84. 85, 86, 87, and 88. 

»»Firings number 9b, 97. 101, 102, 103, 104, 120, 122. 123, 124, and 125 

»»»Firings number 89, 90, 91, i nd 92. 

CONFIDENTIAL 

The linear burning velocity ol even the 
fastest-burning conventional propellaaU is too low 
to permit their use as attached, cigarette-bvning 
charges in the 1.1- >ch gun.   Two possible methods 
of obtaining a high mass rate of burning are the uae 
U normal propellftuts with a grain designed to have 
a l».rge burning surface, acd the uae of a porous 
propellant with v extremely high linear burning rate. 
Porous grains were made by cementing together pre- 
plastlcized nitrocellulose ball powder!  The propel- 
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laul was cured »t 70* F and 1000 psl (or 14 hours to form grains of the denlred shape. 
Grains of this type ware c^ot In'o an opening three Inches deep and one Inch In diameter In the 

base of aeveral projectiles.   The charge as cast was approximately 2. 5 Inchar, 'on«[ and weighed approxi- 
mately 57 grams.   The Initial firing made with this charge used a standard Igniter with i've grame of 
JPN strip around the extension tube to Increase the Initial pressure.   The muz'de veloc'.ty recorded was 
220 u/sec and the pressure was too low to measure.   The projectile was row» !« ^ with most of the propel- 
lant Intact.   There was no visual evidence that burning had occurred.   The mlsslnri pro^c lant was probably 
lost when the projectile struck the sand In the gun butt.   The length of tne propella .t gr?.;., had bean reduced 
about one-half Ir.ch by the Eeloack forces during the firing.   A s-com* fl.lig was made w« . a porous attached 
charge and 60 grams nf SPDN 3256 conventionally loaded.   Extremely high press-res In  ..'.s firing Irrepa- 
rably damaged Die barrel and breech of the gun.   It Is believed that the rapid prejsure r' -t due to the 
SPDN :25{ broke up the oail powder -"..arge which In turn burned very rapidly to seneraUs the excessive 
pressure. 

■^ iht 
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18 V. EXPERIMENTAL STUDIES IN GUN B 

Experimental firings In Gun B wore conducted during the period from June 1954 to November 
1954.   Loading conditions and pertinent measured ballUllc data for all firings In Gun B 're given »r Table H 
of Appendix A. 

A.    FIRINGS WITH CONVENTIONALLY LOADED CHARGES OF 8PDN 3256 

The Initial firings In Gun B wire designed to test the operation of the gun mi inatr 
These firings were made with a conventionally loaded «•OURE 21 
charge of 90 grams of SPDN3256. Theflrst 13 fir- 
ings of this 18-round series were made with projec- 
tiles having a phosphor bronco forcing band. Nominal 

mentation. 

Basket-Type Projectile 
(Projectile Type O) 

weight cf tho projectile was 352 grams ana weight of    [pc3DC?CC3n   I   0     0    0     0     0 1  L J   ^J      / 
th« fnrrinir hanrl wr%r.  ^IHIIW  nvrama      Unvaln W*1A«<_       ^ ^^"^^'-J»a"-"rNr"'-J'>;   -^ ^TT the forcing band w^ .'uuui o grams.  Muzale veloc- w,      . W„.,.,M HH 

uy -.i tia tii-Ht seven* ot lasse /ound* measured 
using the photoelectric screens and tue counter-chronograph was 2185 * 78 ft/sec.   FJ.' ihe «rtt six firings** 
the muzzle velocltv meisured using the conducting glaaa slides and counter-chronograph was 2185 ± 39 A/sec. 

A series of Uvv rounds was fired with no forcing band on the projectile«. *** The average muz- 
itie velocity--** for this series was 1970 ± 60 ft/sac aa measured with the photoelsctrlr screens and counter- 
chronograph.   The average value ot the peak pressure measured in the firings with the forcing band was 
25,900 psl, while the average peak pressure for the firings without the band «as 14,800 pal. 

B.   FIRINGS WITH BASKET-TYPE PROJECTILES 

A series of firings waa made In which the propellant waa loaded In a perforated steel basket 
attached to the rear of the projectile. Figure 21 is a schematic drawing of am type of basket projectile. 
This projectilti ia assembled from four pieces:  (1) a ooaeplece; (2) a perforated tube with a wall thickness 

FIGURE 22 
Modified Basket-Type ProJectUa 

(ProJectUe Type 0-2) 

P^ ZZ3E]ci> 
FftoraM Tubt rVMM 

Pint 
NtfPltci 

ot 0.035 Inch; (3) a threaded pit«, which is silver 
soldered In the forward end of the perforated tube 
and Into which the nose Is screwed after the propel- 
lant Is loaded; and (4) a tailpiece and aa internal 
flash tube which Is silver soldered Into the perfo- 
rated tuba.   A flash lobe extension from the primer 
slipped Into the permanent flash ti'be In the testet 
to Ignite the propellaot.   Four firings were made 

la each case, mechanical failure of the projectile with projectiles of this type. Firings 163 through 168. 
basket occurred. * 

tux aaamonai üring« wwo uwus wltb rsäss**;.-"* bastet-typ« projMtUaa.   The prolectlles, 
shown schematically ' • r'^ire 22, were fabricated from haat-traated alloy steel with the tubing and tail- 
piece an Integral part.   Fabrication of the nosaplece of the projectile was the same ae with the ?ro«*c;"9 
shown In Figure 2L   Firings 175 and 176 of thla series were mads with 50 j-ams of JPN strip propellant 
0.045 inch thick loaded in the basket, while fir li«s 177, 178, 185 and 188 were made with JPH strip pro- 
pellant fabricated by cementing together two aheets of pruiiellaat each 0. C"* Inch thick.   In each firing 
structural failure of the basket occurred, usually the tailpUce separating from the body of the testet. * 
No propellant was recovered in sr.y of the projectiles. 

•MuEile velocity ro«»«ured using photoelectric «crccn« — Flrinas numbci 117, lit, 139, 140, 141. 142, 
and 143. 

**MuzEle velocity mexurcd uiiog conducting gU» slidet — Firing« number 144, 145, 146, 147, 148, and 
149. 

♦"Firing, number ISO, 151, 152, 153, and 154. 
♦••♦The velocity recorded for Firing 154 is believed to be incorrect, and It not included. 

CONF1DBNTIAL 







CONFIDENTIAL 

VI. INTERIOR BALLISTIC STUDIES 21 

AB a parallel to the experimental gun firings, Interior Uullstic studlea were made to aid In the 
Interpretation of experimental results and in the design of propellant charges. 

A.   CALCULATED SHOT-START PRESSURE AND RETARDING FORCE ON THt PI.C JECTILE 

A method was developed to calrvlate, lor a given set of loading conditions anu wiUi assumed 
values of maximum pressure and muzzle velocity, explicit values of shot-start pr«!..?nre and retarding force 
on the projectile. *  Using values of average muzzle velocity and maximum pressure records in the aeries 
of Firings 167-172, shot-start pressure was estimated to be 13, 300 psl and the retard: ng for; a on the pro- 
jectile was estimated to be 2850 pounds.   These filings were ma.le with cwntlonally loaded TPN strip 
propellant 0.045 inch thick.   These values of shot-start pressure and retarding force were fc.~ cloyed to 
calculate the performance for firings using a SO-gram charge of JPH strip propellant r.-)nve»*V'naHy loaded. 
The calculated values of maximum pressur« «nd muzzle velocity were in good agreement with those observed 
for firings made with this charge. * 

b.   FTlESSUIik: uko.' he. i wEEN BREECH Ali» jr.OJECTILE 

Analysis of firing curves In which pressure was measured at various positions down the gun 
barret indicated that the pressure Hrnp from the breech to the first gag« position Just forward of the base 

• the projectile was greater than predicted by conventional interior ballistic theory.' Most interior ballistic 
bysUaiB fcts rf sufficient accuracy to be used for calculating maximum pressure and muzale velocity for con- 
ventional gun systems, but are inadequate for firing conditions In which the propellant burns throughout the 
time the projectile is in the gun.   These systems are also f-iadequato as a theoretical baala for the compari- 
son of experimental pressures obtained at various bore posilona. 

Interior baUistic calculations require an accurate relationship for the pressure gradient between 
the breech and the base of the projectile in order to determine the momentum of the propellant and propel- 
lant gases and the acceleration of the projectile.   The simplest solutions to ia hydrodynamlc problems of 
distribution of pressure, density, and gas velocity between the breech and the base of the projectile are 
based upon the assumption that the density of the propellant gas is constant down the bore.   Baaed on this 
assumption the following relationships are obtained:1* 

Velocity Distribution: 

v   y dt 
Ratio of pressure at breech to pressure on the base of the projectile: 

(1) 

I + (2) P» "   ' ' 2W 

where x is the distance from the breech, y the coordinate nf the base of the projectile, -4?- the projectile 
Ul 

velocity,   Pb the breech presaure,   P| the prea^ure cu the baa« of the projectile, C, the powder maaa, and 
W the projecale mass. 

Equation (2) indicate« that the relationship between breech and ■ '-ot pressurs is independent of 
the velocity or displacement of the projectile, In diaagreement with Uw Intuitive concept that the praaaur« 
gradient should be aero when y = 0 XTJ should Increase witL projectile tr:*'"* down the bore.   Hunt" derives 
Equation (2) and obtains an indirect dependency of the pressure gradient on projectile travel by «aauming 
that the unburned propellant remains at rest in the chamber.   Then C, in h:s equation la tK« weight of the 
propellant burned, which is indirectly related to the displacement of the projectile. 

The more elaborate solution to the hydrodynamlc problem given by both Pldduck" and Kent" for 
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the ratio of pressure at the breech to the pressure on the base of the projectile is: 

whero y Is the ratio of specific heats of the propellant gases.   This solution is wry close to the conventional 
approximation given in Equation (2), differing only by terms of higher powers of-rj-, rnd kj-in does not In- 
dicate any dependency of the pressure drop on projectile travel.   On the ba>l« of the »«sumpü-ms made by \ 
Pidduck and Kent to describe the hydrodynamlc problen., the initial density decreases irom .'eech to pro- , 
Jectile in disagreement with the previous assumpttcs of constant density. 

The importance of the density gradient un the ratio of breach pressure to nressur» on the base 
of the projectile has been considered1 makinv «•>* assumption that the gas density,   /\ . c»n be expressed as ,; 
the poiTnomial, , 

^^i?o> 
-her« A is the cross seclion of the base of the projectile, and o0>  a| -■■■ am are arbitrary constants.   Under 
this a£3'>-.il.,cinn, integration of the equation of continuity 

#♦1^,-0 (4) 
gives the following expression for the velocity of the gases at any position 

V.JL^L (5) 
yd» * ' 

whl^h is !'i»T>Hra! to the expression obtained under the assonption of a. constant dsnslty. 
To determine the ratio of pressure at the breech to pressure at the bass of ths projectile for the 

assumed density function, equation (5) is used together with ths equation of motion of the gas 

■ar+v-srm-T d? 
to obtain 

**.*--+«■ (« 

^--M,* (7) 

which for a constant density reduces to Equation (3). 
If the existence of pressure waves is iw^.a«!, tne gas dsnslty probably decreases momtoiilcaUy 

from br««-:!: to projectile.   For the case in which ths density Is a quadratic In » 

and the density at the breech is 110 per cent of ths average density, ths cmstants can be evaluated as follows: 

OQ « I.I 

o, • -(0.2 +-I- Oj) 

-Q3S 022 0.19 
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The pressure ratio -—. under these conditions becomes 

p. 
n-Ji.  [-21- +22-1 ,+ *   reS^ 36J (8) 

Thus from comparison of Equation (7) »1th Equation (?) It Is concluded that the variation of gas density 
down the bore has little effect on th« magnitude of the ratio of breech to projectile '..ensure. 

C.   INTERIOR BALLISTIC SYSTEM FC» ATTACHED CHARGE 

An interior ballistic system was developed to calculate ihe performance for *' tngs In which a 
conventi?:!«! pr^pellant charge was attached to the projectile or when part of the propelUu; was conventionally 
loaded and part attached to the projectile.  In this system the form function of the propeiutJ' charge and UM 

p.- cpellant burning rate are used to determine an equivalent mass burning rate for an asRuiee^ end burning 
char** a'Uciied to the projectile.   In general, for conventional propellant chargst the »y^em predicU Unit 
the -afl column to the rear of the projectile flows a««,/ fro:« the projectile during the eirly part of projectils 
travel and thereafter flows in the same direction as the projectile. 

The «iviatlons forming the basis of the interior ballistic aystem are: 
Equation of Motion: 

piÄ.F.M^L. (8) 

Equation of State: 

P(v-i>)«NRTw (10) 

where 

and 

Vi ♦ AX   ^   • 
v • —' + — 

Equation of State at Rear of Combustion Zona: 

NRTp 

'•Tf^i 
Energy Baiance: 

.T ni'u»      -*X~    ^A    ' 
-/cv(C,l + C.j)dT--^+/   ^AV/dx    +/ 

Ty *■      ' f\ft    r..*r..\   0 

X 
Fdx 

PA    ' 

(10a) 

(U) 

(U) 

or assuming a Kant distribution of the propellant and propellant gu«s to the re*» "♦ the comirasUon sons: 

Cy (c,, ♦ c.,)(v T) • nP-+ ^- (vp - v^V FX 

Velocity gl Oa—■ Lgrtog Coibustfcn ZOM; 

Pra—ure Drop »cross Combustton Zons: 

P«-Pi.pr'Vg 
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where 

where 
A 
C 
C 
Cj 
Cj 
Cv 

. FR 

L. 
L. 
K 

■ ■i M' 

NR 
n 

i ■ P 

?-- fi 

Tv 
Tp 
Vp 

v, 
u 
Vi 

VI.   INTEniOR BALLISTIC STUDIES 

Relationship het>-ccr. Space Average Preaeure and Preeeure at Rear ot Combueiio ■ Zone: 

^  K»+Tr    L dt     Tt Vj   c+Cii   J 
IST 

Form Functions of Propellant Grains: 

C,j= a,L1t/3,L,,+ /.L*, 

"0 

ft, P^J-P, 

Effective Burning Rate of Attached Charge 

I dC 0Lt 
^ = ^(-.+ 2^L. + 3y.L*.)^ 

(1«) 

(17) 

(18) 

(17a) 

(18a) 

d«) 
flft  Tt 

• cross-sectional area of bore 
• total unattached charge «eight 
• total attached charge «eight 
• weigh« of 0| burued at time t 
« weight of Ct burned at time I 
• specific beat of powder gas at constant volume 
• frlctlonal resistance to projectile motion 
« distance burned through C| grain at time t 
• distance burned through C, grain at Urne t 
a total mass being accelerated;   M » weight of projectile * Ct - C,j 
• mass accelerated, adjusted for record heat loss, rotation, etc. 
> gas constant 
> burning rate pressure exponent 
• space average pressure In tube 
- pressure at fl£s>9 son« 
• pressure on b"M of projectile 
• pressure at breech 
■m effective burning rate ot C, 
- constant volume flame temperature 
• constant pressure fleme tobtperatnre 
• velocity of projectile with respect to gun 
- velocity of gases leaving flume sane with respect to projectile 
• velocity with respect to gun of gases at any X-section 
» specific volume of powder i 
• Initial free volume 
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W      = weight of projectile 
X      • displacement of projectile from Initial pose 
x      » distance of any X-section from Initial position of projectile 
7 * ratio of specific heats of propellant gr zw 

aj./Sj./i ■ coeUicients used in form function 
8 " constant used in Kent distribution   1 gases 
1}     - co-volume of gases 
K     = burning rate of coefficient 
P     • density of solid propellant 
fq    = density of propellant gases leaving flame lone 
/^     • density of gases at any X- section 

These equations are solved using a stepwls.?. Iterative procedure to determine M'lsUe perform- 
ance for ■ gi' an set of loading conditions and propellant parameters. 
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A    GUN RANGE AND INSTRUMENTATION DEVELOPED TO CONDUCT EXPERT JRNTAL FBUNQS 

A gun range was constructed and an instrumentation system developed to luessiuc imlllatlc par- 
ameters In the experimental firings o{ modified 1.1-inch guns.   The instrumentation »yU,z. «iöicb «as 
evolved during the program was functional and reliable. 

The modified 1.1-inch guns were not entirely satisfactory for use In this rt»uy.   7!'« major 
difficulty «as the extremely small propellant web that could be burned.   As a rssult, th«> design «nd fabri- 
cation of progressive propellant changes and the procurement of adequate stajidsrd teat prope.^^t was 
difficult.  If further studies are conducted It is recommended that a 3"/70 caliber gun be emyi'wd. 

B. PRESSURE AT BREECH MEASURED WITH A PRESSURE GAGE-IONITER COUBINAnON 
A pressure gare-igniter combination was developed to measure chamber pressure.   Wxlh this 

eage, which »ita ir.io the cartridge case, drilling through the receiver into the chamber «ad alluring tnis 
i-rensur« vassage with a hole In the cartridge case is «uuuuatad.   These gates gave ezc«llent, -iscillation- 
free pressure traces.   The major problem with the gage was the effect of the hot gases wcic-: carrot .aded 
the gage housing on the gave sensltlvltv. 

C. inrnTTON OF INHIBITED JPN SUKET PROPELLANT DIFFICULT 

A progressive charge was fabricated by inhitiiHng o. 078 Inch thick JPN sheet propellant with a 
0.003-inch film of ethyl cellulose and by making cuts one-sixteenth inch apart through the Inhibitor on both 
sides of the sheet It was found that propellant prepared In this manner was extremely difficult to Ignite In 
gun firings. 

D. HIGHER MUZZLE VELOCITIES CBTAI^TSi» IN FIRWO« WITH ^ZTmh 1X107 OR M-7 GRAINS 
ATTACHED TO THE PROJECTILE 

The average muscle velocity obtained la ttrlngs la which either QU07 or M-7 propellant grains 
were attached to the projectile In combination with conventloiially loaded 8PDN 3SS6 WM somewhat higher 
than the mussle velocity obtained in comparison flrlnga in which all the propellant charge ««a conventionally 
loaded.  Comparison of average pressure as a function of projectile travel lor the two loading conditions 
indicated that lower pressures were obtained when the propellaat grains were attached. 

When either 1X107 or M-7 grains were attached to the proJectUe the end cap« which Initially 
restrained the grains In cavities In the projectile base were deformed enough to allow the grains to escape. 

E. HIGHER MUZZLE VELOOTIKS OBTAINED IN FIRINGS WITH BASKET-TTPZ PROJECTILES 

The average mussle velocity recorded for firing In which the propellaat was loaded in a steel 
uuiiuii attached to the base of the projectile was about ttf- ft/sac higher than the average mussle velocity 
recorded in firings wl*"; *i« same charge and projectile weight in which the propellant was conveutloaally 
loaded.  The maximum pressures recorded at the vartons gage positions ware higher whan the cbsrge t-aa 
loaded in the basket and a reasonably constant pressure was obtained darin; '^s flrut 19 inches of projectile 
travel. 

In each firing with a basket-type projectile sb ixtural failure cf «he baakat occurred, usually the 
tailpiece aepa rating from the body of the baakat  Ho propeUaat was recovered in any of the projectiles. 

F. METHOD DEVELOPED FOR CALCULATION OF THEORETICAL PERFORMANCE OF ATTACHED 
PROPELLANT CHARGE GR ATTACHED CHARGE IN COMBINATION WITH A CONVENTIONALLT 
LOADED CHARGE 

An interior ballistic system waa developed to calcidato the theoretical performance tor firings 
in w'oich a couventioicl charge to tttachad to the projectile, or when part of the propellaat is cowventtonally 
loaded and part attached to the projectile.   In thla erstem the form function of the propellant charge and the 
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propellanf burning rate are employed to determine an equivalent mass biunlng rate for an aeiumed end- 
burning charge attached to the projectile.   In general, for conrautlonal propellant' hargea the calculation 
predicts that the gases to the rear of the projectile flow away from the projectile t>>i.ni%' 'he early part c' 
the projectile travel and thereafter flow In the same direction ail the projectile. 

A stepwlse Iterative procedure Is employed to solve the equations .'.•ncribtng the ballistic system. 
Calculated performance curves art in reasonable agreement with experiment. 

G.   DESIGN OF ATTACHED CHARGES USING CONVENTIONAL PROPKLL^rfS •^QWP.Rä HIQHLY 
PROGRESSIVE, SMALL-WEB GRAINS 

Prnpellant charges designed with conventional propellants to approach UM pancrmance of an 
'iRp'üse gun In the modified 1.1-inch guns require highly progressive grains with small web.   TLe most 
prcmlding (.pproach was found to he a ninety-one-perforated grain cast in a cavity in the ba#» of a projec- 
tile.   8<«":*£<uui grain» of this type were made with plastlsol-grade nitrocellulos«..   Tfca^ grains were 
c: -.soscd of 50 per cent nitrocellulos« (ii. 8 por neui K), 45 per cent nltroglycerin and S per cent dlethyl - 
phthalate.   Only one round was fired, however, before the program «as terminated.   Ü is sufe^stod that 
the <ise of such grains is attached charges be further Investigated. 

H.   MECHAKICAL ATTACHMENT OF PROPELLANT CHARGE TO THE PROJECTILB A MAJOR 
l-KOBLEM 

A major problem In the utill «atlon of conventiaaal propallants in aceorduice wllh the attached- 
charge principal In the modified 1.1-inc. gun was raerhenleal attachment of the propellant to the projectile. 
The forces Involved In accelerating projectiles to Ugh velocities oftea exceed the strength of both propaUaat 
and practical metal parts used to transmit the screlerstlng force from the proJectiU to Oa propcllaat.  In 
no experimental firing (with a reasonable musal« velocity) la vWrt part m the attaciiad propallaat was not 
expected *o burn did unburned propellant remain in the projectile throughout projectlte travel.   In addition, 
even the strongest basket-type projectll« employed la this program suffered maehaateri failure either during 
travel In the gun tube or after leaving the bore.  It is suggested that further Investigation of basket-type pro- 
jectiles be undertaken to determine the mechanism of eiructaral failure which occurred in experimental 
firings. 

« 
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APPENDIX A 

Table I 
Loading Conditions and Balliatlc Parameters tor Firings Conducted In Cm A 

1 
nrlof 
No. 

1 

»roiallul »•UM 
lOm«) Lo«dlnf PralKUlo IfOllor 

Cbort* 

Boootor 
Ckoilo 

Pro)KUl» 
W-15M 
(Oioi) 

T.^-». Ckonbor 
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Po*.   I 
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POO.  1         »M.   . 
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(•ol)            I.!-' 

9m. 4 1 
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<P1) 
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UPON SIM 19,0 Coo». C - - - - V - —: 
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SM 
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rss 1 
l«7 
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Table I (Cont'd) 
Loading Conditions and Ballistic Parameters for Firings Conducted In Gun A 
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Table U 
Loidlng Cordltlon« and Ballistic Parameter« for Firlnga Coodi-cted In Qun B 
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Additional Projectile Type» 

Projectile Type C 
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